In all vertebrates, invariant left/right (L/R) positioning and organization of the internal viscera is controlled by a conserved pathway. Nodal, a member of the TGFb superfamily is a critical upstream component responsible for initiating L/R axis determination. Asymmetric Nodal expression in the node preceeds and foreshadows morphological L/R asymmetry. Here we address the mechanism of Nodal activation in the left LPM by studying the function of a novel enhancer element, the AIE. We show this element is exclusively active in cells of the left lateral plate mesoderm (LPM) and is not itself responding to Nodal asymmetry. To test the hypothesis that this element may initiate asymmetric Nodal expression in the LPM, we deleted it from the mouse germ line. Mice homozygous for the AIE deletion (Nodal Daie/Daie ) show no defects. However, we find that the AIE contributes to regulating the level of asymmetric Nodal activity; analysis of transheterozygous embryos (Nodal Daie/null ) shows reduced Nodal expression in the left LPM associated with a low penetrance of L/R defects. Our findings point to the existence of two independent pathways that control Nodal expression in the left LPM. q
Introduction
Nodal, a member of the TGFb family of signaling molecules, plays an essential role in patterning the primary axes of the vertebrate embryo (reviewed by Whitman, 2001 ). In mouse Nodal shows a dynamic expression pattern from shortly after implantation until mid-gestation. These diverse sites of Nodal expression are required for the establishment of the initial proximo-distal (P-D) axis (Brennan et al., 2001) , conversion of this initial P-D polarity to give the final anterior-posterior axis (Lowe et al., 2001; Norris et al., 2002) , mesoderm formation (Conlon et al., 1994; Zhou et al., 1993) , specification of definitive endoderm (Lowe et al., 2001; Norris et al., 2002; Vincent et al., 2003) and correct elaboration of the left/right (L/R) axis Lowe et al., 2001; Norris et al., 2002) . Asymmetric Nodal expression is conserved in all vertebrates/chordates examined so far suggesting a common evolutionary origin. Indeed failure to activate asymmetric expression, or misexpression of Nodal has been shown to perturb L/R development in a number of organisms (reviewed by Burdine and Schier, 2000; Capdevila et al., 2000) .
Nodal signals are transduced by the Alk4 or Alk7 type I receptors in association with either the ActRIIA or ActRIIB type II receptor (reviewed by Massagué et al., 2000; Whitman, 2001) . The resulting activated receptor complex phosphorylates receptor Smad proteins (either Smad2 or 3) that in turn associate with the co-Smad Smad4 and are translocated to the nucleus (reviewed by Massagué et al., 2000; Whitman, 2001) . In the nucleus the phospho-Smad complex associates with transcription factors to regulate the expression of target genes (reviewed by Massagué et al., 2000) . Studies of activin responsive genes have identified two Smad2/4 interacting DNA partners in Xenopus.
The forkhead domain protein FoxH1 (formerly known as FAST1/2) binds as part of the ARF1 complex to the activin responsive element of the Mix.2 gene (Chen et al., 1996 (Chen et al., , 1997 . Similarly members of the Mix family of homeodomain proteins, in association with Smad2/4, activate the Gsc promoter (Germain et al., 2000) . While only FoxH1 has been shown to act downstream of Nodal signaling in the mouse, loss of FoxH1 function results in a phenotype substantially less severe than loss of Nodal function, making it clear that Nodal can signal in both FoxH1-dependent and -independent manner (Hoodless et al., 2001; Yamamoto et al., 2001) .
We and others have previously examined the control of Nodal expression during development, by identifying discrete enhancer elements responsible for regulating the different domains of Nodal expression. One such enhancer, termed the ASE (asymmetric element) contains a pair of FoxH1 binding sites (Adachi et al., 1999; Norris and Robertson, 1999) and is responsible for a feedback loop that modulates the level of Nodal expression Saijoh et al., 2000) . The other two known asymmetrically expressed genes encoding the Nodal antagonist Lefty2 and the homeodomain protein Pitx2, also contain an ASE and are regulated by FoxH1 (Saijoh et al., 2000; Shiratori et al., 2001 ). The current model is that, once activated, Nodal expressed in the left lateral plate mesoderm (LPM) of the embryo maintains its own expression via this feedback enhancer, while also activating Lefty2 and Pitx2. Lefty2, in conjunction with Lefty1 in the midline, prevent activation of Nodal expression in the right LPM (Meno et al., 1998 . The Lefty2 expression domain in the LPM spatially and temporally follows that of Nodal. By contrast Pitx2 expression continues after Nodal expression ceases. Initially Nodal activates Pitx2, but its expression is maintained by an Nkx2.5-dependent enhancer .
Notably removal of the Nodal-ASE does not result in the absolute loss of asymmetric Nodal expression. The resulting reduction in Nodal expression results in both delayed onset of Pitx2 expression and posterior restriction of the expression domain. Affected embryos develop with only very anterior defects in L/R axis formation , manifesting as a partial right sided isomerism of the lungs, centrally located heart and defects in the aorta and pulmonary vessels, with no noticeable effect on the situs of the abdominal organs . A second asymmetric enhancer must exist within the Nodal locus to account for the remaining asymmetric expression of Nodal in Nodal D600/D600 mice . One possibility that this enhancer element is responsible for initiating asymmetric Nodal transcription while the autoregulatory ASE acts to maintain and potentiate Nodal expression.
Complete abrogation of Nodal expression in the node results in embryos that fail to activate Nodal and its targets in the left LPM Saijoh et al., 2003) . While Nodal expression in the node is known to be required for lateral plate Nodal expression, the mechanism whereby Nodal activity is asymmetrically propagated from the node to activate gene expression in cells of the lateral plate remains unclear. One attractive possibility is that Nodal itself, or a related family member, is carried from the node to the left lateral plate, possibly by nodal flow, where it signals to auto-activate Nodal transcription. Alternatively Fgfs might activate Nodal, since ectopic Fgf8 expression can activate Nodal in the LPM (Meyers and Martin, 1999) . Fgf8, expressed in the primitive streak, may be concentrated on the left side of the node, under the influence of the nodal flow, to activate targets in the left lateral plate.
Here we map and characterize a second asymmetric enhancer (termed the AIE) lying 5 0 to the Nodal locus. This element maps to a region of the Nodal locus containing the recently described LSE enhancer (Adachi et al., 1999; Saijoh et al., 2003) . Intriguingly the minimal AIE contains a cryptic FoxH1 binding site raising the possibility that, like the ASE, the AIE also responds directly to Nodal signaling. However, in vitro transfection assays provide no evidence for this, suggesting that the AIE might represent a candidate enhancer that mediates initiation of asymmetric Nodal activity in the lateral plate. To test this hypothesis, we generated a novel germ line Nodal allele from which the 470-bp minimal AIE was deleted by gene targeting. We find that the AIE is not required for the initiation of asymmetric Nodal expression since Nodal Daie/Daie mutants display no obvious phenotype. However, our genetic experiments argue that the AIE enhancer contributes to controlling quantitative and temporal levels of asymmetric Nodal expression. Thus we find that Nodal Daie/null mutant embryos exhibit limited L/R defects, underscoring a role for the AIE in ensuring robust left-sided Nodal activity and correct L/R patterning. Collectively our findings point to the existence of two distinct pathways that activate Nodal expression in the LPM.
Results

The AIE is active in the left lateral plate
Transgenic analysis of the region immediately upstream of the Nodal locus identified a genomic subclone (US2) capable of driving asymmetric expression in the left lateral plate in a manner consistent with expression of the endogenous Nodal locus (Fig. 1A -E ). Subsequent analysis of transient and established transgenic lines allowed characterization of a minimal region (US2l) capable of driving asymmetric expression (Fig. 1A,G,H) . The 470-bp US2l fragment was termed the AIE to reflect its possible role as an asymmetric initiator element. The AIE was active by the 2 -3 somite-stages (data not shown) similar to the onset of Nodal transcription (Collignon et al., 1996) , and consistent with a putative role in initiating transcription. To determine if the AIE responds appropriately to L/R regulatory signals, we introduced the AIE transgene into the iv/iv mouse strain. The iv mutation, caused by mutation of the left -right dynein gene (Supp et al., 1997) , leads to randomization of body situs (Hummel and Chapman, 1959) . As shown in Fig. 1F , the AIE transgene is active in the left or right LPM in iv/iv embryos indicating that this enhancer is responding to signals downstream of initial L/R specification at the node. This finding is compatible with the hypothesis that the AIE responds directly or indirectly to node derived signal(s) responsible for initiating Nodal expression in the LPM.
To establish whether the AIE might be responsible for regulating the asymmetric transcription of Nodal detected in Nodal D600/D600 embryos, we next introduced the AIE transgene into the Nodal D600 background. Litters of embryos obtained from Nodal D600/þ ;AIE.Lac Z were retrieved at the early somite stage, stained for b-gal activity and post-genotyped. Of 27 appropriately staged embryos analyzed, 12 carried the Lac Z transgene and showed asymmetric staining. Two of these proved to be homozygous for the ASE deletion (data not shown). This finding shows that activity of the AIE is independent of ASE function.
The AIE is not activated in response to Nodal signaling
Analysis of the minimal AIE sequence shows it contains a putative FoxH1 binding site (see Fig. 2A ) that matches with the consensus AATNNACA (Labbe et al., 1998) . Interestingly, this consensus sequence is conserved within the corresponding region of the human Nodal locus (see Fig. 2A ), as are nucleotides outside the consensus sequence known to be crucial for the activin-dependent signaling of the mouse/human Gsc or Xenopus Mix.2 promoters (Labbe et al., 1998) . Next to test the possibility that the AIE is activated in a FoxH1-dependent fashion in response to Nodal signaling, we performed transient transfection assays. The AIE was linked to a luciferase reporter construct and its activity was compared to that of an Activin/FoxH1/Smad2 responsive reporter construct (ARE lux) in cells cotransfected with Cripto and Nodal expression vectors. As shown in Fig. 2B , the AIE lux reporter construct is not upregulated in response to activation of the Nodal pathway in this assay.
The AIE is not responsible for initiation of left-sided Nodal expression
To test the functional contribution of the AIE element, we used gene targeting to selectively delete the 470-bp minimal region in ES cells and introduced the resulting mutant allele (Nodal Daie ) into the mouse germ line (Fig. 3 ). To determine if the AIE element is responsible for initiating Nodal transcription in the left LPM, we performed a genetic experiment using the previously described Nodal LacZ allele (Collignon et al., 1996) . Nodal
Daie/þ mice were crossed to Nodal LacZ/þ partners and the resulting embryos stained for Lac Z activity at the early somite stage. Because the Nodal LacZ allele, in which exon 2 is replaced by an IRES b-geo cassette, encodes a null mutation, Nodal Daie/LacZ embryos cannot produce Nodal protein under control of the AIE. Thus in case the AIE normally initiates Nodal expression and the ASE potentiates this expression in response to Nodal signaling, then Nodal expression in Nodal Daie/LacZ embryos will not be Nodal Daie/Daie animals are born at Mendelian ratios and are viable and fertile. (E) PCR analysis of genomic DNA samples from a Nodal Daie/þ intercross litter using the AIE þ and AIE 2 primers. activated via the ASE (see Fig. 4A ). Accordingly Lac Z will be expressed only at very low levels, effectively phenocopying the Nodal D600.LacZ expression pattern (Norris and Robertson, 1999) . Conversely, if Nodal is induced independently of the AIE we expect to detect strong Lac Z activity (see Fig. 4B ). In this latter case, the autoregulatory ASE in the Nodal LacZ allele would respond to signaling by Nodal protein produced from the Nodal Daie allele. As shown in Fig. 4C (Fig. 5A1 -B1) . However, at the early somite stage, a clear difference is seen between wild-type and Nodal Daie/413.d embryos. In the mutant, the intensity of asymmetric staining is significantly weaker, demonstrating that the AIE is required to ensure wild-type levels of expression in a context of reduced Nodal activity (Fig. 5A2 -B2 ). By contrast a comparison of Nodal Daie/þ , 
Nodal
Daie/Daie and Nodal 413.d/þ embryos at this stage reveals no obvious difference in the levels of Nodal transcripts between (data not shown).
We previously showed in Nodal D600/D600 embryos, in which Nodal transcripts are barely detectable in the left LPM, that while insufficient Nodal activity is generated to induce significant levels of Lefty2, Pitx2 is activated albeit in a slightly posteriorized domain leading to L/R defects restricted in the anterior region of the A/P axis . By contrast we find that in Nodal Daie/413.d embryos Lefty2 is expressed, although at slightly reduced levels when compared to controls (Fig. 5A3 -B3 ). This is consistent with the widely held notion that Lefty2 is a direct target of Nodal, with its expression level being directly linked to the relative activity of the Nodal pathway (Meno et al., 1996; Saijoh et al., 2000) . We also assessed expression of Pitx2, an important effector of left identity. Pitx2 mutants display right pulmonary isomerism, abnormal cardiac morphogenesis, reduced spleen development and incomplete turning (Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999) . In Nodal Daie/413.d embryos, temporal and spatial expression of Pitx2 is indistinguishable from wild-type controls (Fig. 5A4 -B4) , likely explaining the lack of obvious L/R defects in these embryos. Interestingly, in contrast to Lefty2, the level of Pitx2 expression is not affected despite the fact that both genes are direct targets of the Nodal pathway. This discrepancy is due to very low threshold requirements of Nodal signaling for activation of Pitx2 (Norris et al., 2002) , expression being maintained and potentiated by the Nkx2.5 binding site in the Pitx2 ASE ). However, recent reports suggest that Pitx2 is also activated in a Nodal-independent manner. In embryos lacking different components of the Notch signaling pathway, while Nodal expression in the LPM is not detected Pitx2 is still activated even if randomized with respect to the L/R axis (Krebs et al., 2003; Przemeck et al., 2003; Raya et al., 2003) .
Finally we considered the possibility that the AIE is required for the normal onset of asymmetric Nodal expression in the LPM. Nodal expression in this tissue is transient and confined to the 3-to the 6-somite stage (Collignon et al., 1996; Lowe et al., 1996) . As shown in Fig. 6 , the onset and duration of Nodal expression in Nodal Daie/413.d mutants is similar to the controls. However, we failed to observe uniform LPM staining in Nodal Daie/413.d mutants. Rather a gradient of expression is evident with the highest levels detected posteriorly adjacent to the node region, while only low levels are found in the anterior LPM underlying the heart. Nodal expression in the node also differs in Nodal Daie/413.d embryos. Prior to expression in the left LPM, Nodal expression in the node is comparable to that of wild-type embryos (Fig. 5A1 -B1 ). However by the early somite stage, node staining is weaker compared to controls and does not persist after the 6-somite stage (Fig. 6A,B) . Although the AIE transgene is not expressed in the node, the possibility remains that, in the context of the intact locus, the AIE is required for maintaining Nodal expression in the notochordal plate. (1), lateral/posterior (2,3) and frontal (4) views. Nodal expression in the node is normal prior the onset of Nodal expression in the left LPM (1). Nodal expression is reduced in the left LPM of the mutant embryos (2). Also note that the expression in the node is also reduced in the mutants lacking the AIE. However, the reduced levels of Nodal in the left LPM are sufficient to activate its targets such as Lefty2 (3) and Pitx2 (4).
In keeping with this, insertion of a neo cassette in the same region of the Nodal locus abolishes Nodal expression in the node .
L/R defects in Nodal
Daie/413.d mutant embryos
Defects in L/R specification result in different degrees of right pulmonary isomerism and altered viscera situs. The strongest phenotype is complete right lung isomerism (four lobes present on both sides of the thorax), randomization of heart looping, stomach and gut positioning and absence or reduction of the spleen. These defects have been described in a number of genetic contexts including loss of asymmetric Nodal expression Saijoh et al., 2003) , loss of the Nodal co-receptor Cryptic (Gaio et al., 1999; Yan et al., 1999) and in GDF-1 mutants (Rankin et al., 2000) . As Nodal and Pitx2 expression is retained in the left LPM of Nodal Daie/413.d embryos, albeit at lower levels, this would be predicted to have little impact on L/R axis establishment. However, given the attenuated expression of Nodal in the anterior LPM, this could result in disturbances in organ positioning. This was the case as close examination showed that 4% of the Nodal Daie/413.d embryos (2/50) displayed abnormal lung morphogenesis. Normally the left lung is comprised of a single lobe, but in affected mutants partial right isomerism is evident since the left lung is bi-lobed (Fig. 7A,E compared to B,D) . Even more rarely (, 2%), we noted reversal of heart looping ( Fig. 7C ) resulting in the abnormal positioning of the apex of the heart toward the right side or in the middle of the thorax (Fig. 7F) . In all these affected mutant embryos, we failed to observe perturbation of the situs of abdominal viscera. No such defects were observed in a similar number of wild-type embryos analyzed (data not shown).
Delayed heart morphogenesis was also apparent in a significant number of Nodal Daie/413.d embryos. During development of the ventricles a wall forms between the left and the right chambers closing all communication by 13.5 dpc (Kaufman, 1995) . In about 42% (5/12) of Nodal Daie/413.d mutant embryos, there is a failure to complete formation of the septal wall at 13.5 dpc (Fig. 7F) . A common atrium was also observed in some mutant hearts (Fig. 7F) (3/12) . In one-third of the cases (33%, 4/12), we also found that the compact myocardial layer is appreciably thinner and the density of the trabeculae lower compared to controls (Fig. 7H compared to G) . This phenotype was always detected in embryos with persistence of interventricular communication. Despite the weak penetrance of these various heart defects, collectively these phenotypes correlate with significant reduced levels of Nodal expression in the most anterior region of the left LPM. Interestingly, this region lies adjacent to the developing heart tube raising the question as to whether morphogenetic defects result from improper L/R specification or alternatively reflect a direct requirement for Nodal signaling heart development.
Discussion
Nodal signaling and heart development
The heart originates at the early somite stage from the fusion across the midline of two mesodermal masses to form a simple tube. The primitive heart tube loops invariantly, becoming regionalized along its length. Subsequently septation and cushion formation ensue, resulting in an organization of the heart tube that preconfigures that of adult heart. Deletion of the AIE enhancer results in severely reduced Nodal expression in anterior regions of the left LPM lying dorsal to and adjacent with the heart. In some Nodal Daie/413.d embryos, we observed a low level of perturbed heart looping and also delayed morphogenesis resulting in persistence of interventricular communication. Nonetheless these defects are compensated for as embryogenesis proceeds because we were unable to .5 dpc embryos taken at the level of the heart and lungs (magnification in G and H, respectively). In the mutant embryo (C), two left lobes and three right lobes are observed on this section plane. The two left lobes are indeed connected together (not shown). The WT heart apex points towards the right side (E) whereas the mutant heart points towards a more middle-left direction (F). In the WT heart, the two ventricles (RV and LV) are separated by the interventricular septum (IV) (E) whereas in the mutant heart, the interventricular septum is not completely formed (F). Note also the common atrium chamber (*) in (F). The compact myocardial layer (arrowhead) is thinner and the trabeculae (arrow) are less dense in the mutant heart, probably indicating a delay in heart morphogenesis (H compared to G). Note that in (E), the two lobes observed on the left side are the single left lobe and the accessory lobe of the right lung. detect significant lethality among late gestation litters. Interestingly, Cripto, a Nodal coreceptor, has been shown to be involved in the differentiation of cardiomyocytes (Parisi et al., 2003; Xu et al., 1999) . Moreover embryos lacking asymmetric nodal activity die at birth due to heart defects consistent with a specific role for Nodal signaling in heart development.
Interaction between the AIE and the node element
Intriguingly Nodal expression is not maintained in the node in Nodal Daie/413.d mutant embryos after the 5 somite stage. This premature down-regulation of expression does not have any biological consequences since Nodal per se is not required for node formation or functioning of its derivatives . However, this phenomenon uncovers an interaction between the AIE and the node enhancer. It was recently shown that replacement of a region containing the AIE by a neo selection cassette leads to the disruption of Nodal expression in the node . The AIE element is located 5 kb downstream of the node element and 4 kb upstream of the first exon. Since the deletion we engineered removes less than 0.5 kb, the premature down-regulation of Nodal expression in the node could be explained by the extreme sensitivity of the node element to the distance from the promoter sequences or alteration to chromatin structure.
Propagation of asymmetric Nodal signaling from the node to the left lateral plate mesoderm
We and others have shown that Nodal is required in the node for induction of asymmetric Nodal in the lateral plate Saijoh et al., 2003) . The Nodal locus contains a minimum of two enhancers that are active in the left LPM (Adachi et al., 1999; Norris and Robertson, 1999 ; this work). The intronic enhancer termed the ASE (asymmetric enhancer) operates in an autoregulatory fashion (Saijoh et al., 2000) , while the second enhancer (AIE) is refractory to TGFb signaling in in vitro assays. Here we show that in the absence of the AIE, Nodal is induced correctly in the left LPM. Possibly the simplest explanation is that Nodal ligand originating from the node is able to activate its own expression in the LPM via the ASE. Indeed in support of this, Nodal has been demonstrated to be able to signal over a long distance in the fish and chick embryos (Chen and Schier, 2001; Meno et al., 2001) . Moreover in the mouse, mis-expression of Nodal in a small group of grafted cells into the right LPM results in rapid local induction of Nodal expression in a FoxH1-dependent manner, clearly indicating that Nodal is able to initiate its expression in a paracrine fashion (Yamamoto et al., 2003) . However, this simple model cannot be entirely correct since deletion of the ASE does not prevent activation of Nodal expression (Norris and Robertson, 1999 ) and the AIE does not appear to be autoregulated, rather other signaling pathways must be involved.
The AIE contributes to Nodal expression in the left LPM
This work clearly demonstrates that the AIE is not required for induction of Nodal in the left LPM, but it does contribute to regulating the level of expression within these cells. Thus in Nodal Daie/413.d embryos the levels of Nodal are reduced resulting in a low penetrance of right pulmonary isomerism and heart defects. But such defects are never seen in Nodal Daie/Daie embryos, demonstrating that the ASE alone is sufficient to reliably specify the L/R axis. Even in the absence of the ASE, the very low levels of Nodal still present are able to trigger the downstream pathway (albeit in a temporally and spatially restricted manner). Therefore it seems that either enhancer is sufficient to activate asymmetric Pitx2 expression. However, their combined activities appear to assure that levels of Nodal exceed a threshold required to ensure correct specification of the L/R axis.
It still remains to be determined what regulates the AIE. The AIE transgene clearly responds to an asymmetric signal and its pattern of activity is randomized in iv/iv embryos. Sequence analysis shows the enhancer contains a degenerate FoxH1 binding site conserved in both mice and humans. However, transfection studies showed the AIE to be unresponsive to Nodal/Smad/FoxH1 signaling, furthermore the AIE activity is not affected in a context of reduced Nodal activity in Nodal D600/D600 embryos, making it likely that an alternative pathway normally regulates activity of this enhancer in vivo. Since the minimal enhancer is consistently expressed only in left LPM in multiple independent transgenic mice, it must be regulated in response to an asymmetric signal (although not necessarily an asymmetrically expressed gene). One intriguing possibility is that there may be a link with Fgf signaling: hypomorphic Fgf8 mutants display right isomerism of the viscera while beads soaked with Fgf8 and placed in the right LPM of 0-2 somite stage embryo are able to induce Nodal expression (Meyers and Martin, 1999) . Signaling through receptor tyrosine kinases (RTKs) such as FgfR is complex because they activate different pathways by inducing the phosphorylation not only of MAPK, PI3K, PLCg but also STAT proteins (for a review, see Schlessinger, 2000) . Interestingly, analysis of the AIE DNA sequence reveals putative binding sites for different transcription factors that can be activated by the RTKs pathway, including AP1, Elk-1 or STAT3 (see Fig. 2A ). Further analysis is required to assess the contribution of these sites for correct temporal and spatial activity of the AIE.
Initiation of asymmetric Nodal expression
L/R specification in the mouse originates in the node, where an initial difference between the left and the right sides of the notochordal plate is established. The current model invokes the creation of a leftward flow due to the rotation of motile cilia on the ventral surface of the node (Nonaka et al., 2002 (Nonaka et al., , 1998 Okada et al., 1999) , that in turn affects sensing non-motile cilia located at the periphery of the node, leading to an increase of the Ca 2þ signaling on the left side (McGrath et al., 2003) . Nodal expression is initiated on both sides of the node by the Notch signaling pathway (Krebs et al., 2003; Raya et al., 2003) , but then becomes more strongly expressed on the left side (Collignon et al., 1996; Lowe et al., 1996) . In the context of a transgene the node enhancer is expressed symmetrically Norris and Robertson, 1999) , while deletion of the autoregulatory ASE renders activity of the Nodal LacZ reporter allele symmetric in the node (Norris and Robertson, 1999) . Thus generating differences in Nodal signaling across the node by upregulation of activity on the left side, and suppression of activity on the right side by the DAN-family TGFb antagonist Dante (Pearce et al., 1999) , is the key-event in L/R determination. How this asymmetric gene expression is linked to Ca 2þ signaling and how asymmetric Nodal activity in the left side is ultimately achieved remains unclear.
The presence of two distinct LPM-specific enhancers in the mouse Nodal locus raises the question as to why two apparently separate pathways regulate asymmetric expression. The current findings together with a previous study suggest a model in which the ASE is required to rapidly upregulate the early domain of asymmetric Nodal expression while the AIE maintains later expression of Nodal. In support of this hypothesis, putative Nkx2.5 binding sites in the AIE (see Fig. 2A ) suggest a mechanism similar to the one involved in Pitx2 transcription maintenance . One counter argument, namely that we failed to detect an overt phenotype in Nodal Daie homozygotes, is not in itself a demonstration of the irrelevance of the AIE, since defects, even minor, not detected in our limited analysis would provide selective pressure for retention of this element in the genome.
In summary, it still remains unclear how asymmetric Nodal expression is initiated in the mouse. Our studies could also suggest the existence of further asymmetric enhancers within the Nodal locus. It will be interesting to learn how deletion of both AIE and ASE from the locus affects asymmetric Nodal expression.
Experimental procedures
Generation of reporter constructs
The US2 genomic sub-clones was isolated from the 5 0 lambda clone described previously (Norris and Robertson, 1999) . Sub clones were prepared by standard cloning techniques. US2a stretches from a Sal I site to a Spe I site. US2b is a 2.6-kb Bam HI fragment. US2l is a 0.5-kb Pst I-Bam HI fragment. All DNA fragments were cloned into the hsp68lacZpA reporter construct (Sasaki and Hogan, 1996) . For each construct three or more independent transgenic insertions were analyzed.
For the luciferase assay the US2l genomic fragment was cloned into the pGL3 promoter vector (Promega).
Production of transgenic embryos
Transgenic mice were prepared and analyzed as previously described (Norris and Robertson, 1999) .
LacZ staining, whole-mount in situ hybridization (WISH) and histology
Noon of the day of finding the vaginal plug was designated as 0.5 days of development. X-gal staining and whole-mount in situ hybridization were performed according to standard protocols (Hogan et al., 1994) . Probes for the following genes were used in this study: Nodal (Conlon et al., 1994) , Pitx2 (Ryan et al., 1998) and Lefty2 (Meno et al., 1997) . For sectioning, embryos were washed in PBS and post-fixed overnight in 4% paraformaldehyde or Bouin's fixative. Embryos were washed in PBS, dehydrated through ethanol series, cleared in xylene and embedded in paraffin wax. Sections (5 mm) were taken, dewaxed in xylene, stained in hematoxylin-eosin according standard protocol if required.
Transfection assay
Activity of transfected Nodal cDNA was measured as described (Yan et al., 2002) . Briefly, 293T cells were plated into 24-well dishes at a density of 3 -5 £ 10 4 cells per well. The following day, cells were transfected using lipofectamine (Invitrogen) with a cocktail of expression vectors for FoxH1, Cripto, b-galactosidase (100 ng) and either the luciferase reporter constructs pAR3 lux (Hayashi et al., 1997 ) (kind gift from J. Wrana) or AIE lux(250 ng). The pAR3 lux plasmid contains the activin responsive element of the Mix.2 gene and is up-regulated through a FoxH1/Smad2 pathway and is named ARE lux in this study. Where indicated, cDNAs for Nodal precursor or empty CS2 þ expression vector (100 ng) were also co-transfected with or without an expression vector for murine Spc6A (kind gift from K. Nakayama). After 24 h, luciferase activity in cell extracts was measured and normalized relative to bgal.
DNA sequence analysis
The AIE sequence was screened using the software Matche1.0 designed for searching potential binding sites for transcription factors nucleotide sequences using a library of mononucleotide weight matrices from TRANSFAC w 6.0 (matrix group: Vertebrates) (http://www.gene-regulation. com/cgi-bin/pub/programs/match/bin/match.cgi).
Generation and analysis of the Nodal
Daie hypomorphic allele
The AIE targeting vector was designed using a conditional strategy (Fig. 3A) and contains a 2.8-kb (Bam HI -Kpn I) 5 0 and a 4.2-kb (Kpn I -Eco RI) 3 0 homology arms. The Pst I site corresponding to the 3 0 end of the AIE element was replaced by a lox P site. The homology arms were subcloned into a 'Universal KO vector', designed to allow rapid cloning of homology arms into a vector already containing a lox P-flanked pgk hygro cassette and two negative selection cassettes: pgk dta and hsv tk. The selection cassette is flanked by Swa I and Pme I restriction sites (see map in Fig. 3A) . Linearized vector was electroporated into CCE ES cells and hygromycin-resistant colonies were screened by Southern blot analysis using a 5 0 external (Sac I-Pst I) probe. The clones were then expanded and rescreened by Southern blot analysis using a 3 0 external probe (SS1/1; Conlon et al., 1994) . Correctly targeted ES clones (5%) were expanded and subjected to transient transfection with the MC1Cre expression vector. Cells grown for two days to allow recombination to proceed were then plated at low density. Colonies were isolated and screened by PCR using AIE þ (5 0 -AAGTCAGTG TGGTGGTCGC-3 0 ) and AIE 2 (5 0 -CAAATGTATCTTG TAGGAAGAG-3 0 ) primers and by Southern blot analysis to assess the removal of the selection cassette. Three clones carrying the Nodal Daie allele were injected into C57BL6 blastocysts to generate germ line chimeras.
Mouse strains and genotyping procedures
Mice were genotyped by PCR screening of genomic tail DNA. Embryos were individually genotyped prior to whole-mount in situ hybridization and/or histological analysis as previously described (Vincent et al., 2003 (Collignon et al., 1996; Conlon et al., 1994; Norris et al., 2002) . The different Lac Z transgenic lines were maintained in an outbred CD1 background and genotyped as described (Norris and Robertson, 1999) . Iv mice were obtained from the Jackson Lab and maintained on an outbred albino background.
